We have examined the distribution and time course of the microglial reaction in the rat dorsal hippo campus after 25-min transient forebrain ischemia (four vessel occlusion model). Microglial cells were visualized in brain sections using lectin staining with the Griffonia simplicifolia B4-isolectin following intervals of reperfu sion ranging from 20 min to 4 weeks. Increased staining of microglial cells was detected in the dentate hilus and area CAl as early as 20 min after reperfusion. These same regions demonstrated more intense microglial staining af ter 24 h. The strongest microglial reaction was observed 4--6 days after reperfusion when reactive microglia were abundant throughout all laminae of CAl and the dentate hilus. Following longer reperfusion intervals, the microSelective vulnerability of neurons in the CNS to ischemic injury is a well-known phenomenon that is particularly evident in the hippocampus. Ischemia results in damage to pyramidal neurons in the CAl area, while leaving those in CA3 relatively spared (Ito et aI., 1975; Kirino, 1982; Pulsinelli, 1985) . Py ramidal cell death in the CAl sector as a result of ischemia is delayed and becomes apparent light mi croscopically after 2-4 days in gerbils as well as in rats (Kirino, 1982; Petito et aI., 1982; Kirino and Sano, 1984a; Kirino et aI., 1984). In contrast, ultra structural changes indicative of the imminent neu- Received February 8, 1991; revised April 3, 1991; accepted April 5, 1991. Address correspondence and reprint requests to Dr. W. J. Abbreviations used: BBB, blood-brain barrier; GFAP, glial fibrillary acidic protein; GSA I-B4-HRP, Griffonia simplicifolia B4-isolectin, horseradish peroxidase conjugate; PBS, phosphate buffered saline.
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Summary:
We have examined the distribution and time course of the microglial reaction in the rat dorsal hippo campus after 25-min transient forebrain ischemia (four vessel occlusion model). Microglial cells were visualized in brain sections using lectin staining with the Griffonia simplicifolia B4-isolectin following intervals of reperfu sion ranging from 20 min to 4 weeks. Increased staining of microglial cells was detected in the dentate hilus and area CAl as early as 20 min after reperfusion. These same regions demonstrated more intense microglial staining af ter 24 h. The strongest microglial reaction was observed 4--6 days after reperfusion when reactive microglia were abundant throughout all laminae of CAl and the dentate hilus. Following longer reperfusion intervals, the microSelective vulnerability of neurons in the CNS to ischemic injury is a well-known phenomenon that is particularly evident in the hippocampus. Ischemia results in damage to pyramidal neurons in the CAl area, while leaving those in CA3 relatively spared (Ito et aI., 1975; Kirino, 1982; Pulsinelli, 1985) . Py ramidal cell death in the CAl sector as a result of ischemia is delayed and becomes apparent light mi croscopically after 2-4 days in gerbils as well as in rats (Kirino, 1982; Petito et aI., 1982; Kirino and Sano, 1984a; Kirino et aI., 1984) . In contrast, ultra structural changes indicative of the imminent neu-glial reaction became less intense; however, it remained above normal levels until the end of the fourth week. At all time points examined, microglial reactivity in the CA3 pyramidal and dentate granule cell layers was consider ably lower than that observed in CAl and dentate hilus. Our results are consistent with the known serial patho logical changes associated with cerebral ischemia, but, in addition, show that the examination of the microglial re action provides an extremely sensitive indicator of subtle and morphologically nonapparent neuronal damage dur ing the early stages of injury. Key Words: Delayed neu ronal death-Hippocampus-Ischemia-Lectin-Micro glia.
ronal degeneration become evident much earlier (Kirino and Sano, 1984b; Yamamoto et aI., 1986) ,
The neuronal changes that result from ischemia are accompanied by glial reactions that have been described to some extent. The astrocytic reaction has been studied in some detail by various investi gators (Yoshimine et aI., 1985; DeLeo et aI., 1987; Grimaldi et aI., 1990; ·Petito et aI., 1990; Schmidt Kastner et aI., 1990; Rischke and Krieglstein, 1991) , with most studies examining the distribution pat terns of immunoreactivity for glial fibrillary acidic protein (GF AP) after cerebral ischemia. Most of these studies show an enhanced expression of GFAP within 1-2 days after reperfusion, with high levels of GF AP being maintained for several weeks in the CAl region and dentate hilus after longer reperfusion intervals. In contrast, microglial re sponses have been examined to a much lesser ex tent, and the little information available pertains to their role as phagocytic cells during hypoxial ischemia-induced neuronal degeneration (Brierley and Brown, 1982) . While both microglia and blood derived monocytes contribute to the population of brain macrophages present in a CNS lesion involv ing blood-brain barrier (BBB) damage (Schelper and Adrian, 1986) , it is known that in the event of a subtle neuronal injury that is not necessarily accom panied by a BBB breakdown, microglial cells are the predominant responding cellular element (for review see Graeber and Streit, 1990) . In the present study, we sought to examine the microglial reaction that accompanies transient forebrain ischemia and delayed neuronal death in the rat hippocampus.
MATERIALS AND METHODS

Surgery
Fifty female Wistar rats weighing 23 0-300 g were used.
The method of producing ischemia in the forebrain was as described by Pulsinelli and Brierley (1979) . Animals were anesthetized with ketamine (60-70 mg/kg) and xylazine (10 mg/kg). Both common carotid arteries were exposed through a ventral midline cervical incision and separated from the surrounding nerves and veins. A silk thread was loosely placed around each artery without interrupting carotid flow, and the incision was closed with a single suture. A second incision was made at the dorsal midline and both vertebral arteries were electrocauterized with a monopolar coagulator through the alar foramina of the first cervical vertebra. On the next day, animals were reanesthetized lightly with halothane, and both carotid arteries were reexposed under the guide of the threads. Following subsidence of the anesthesia, both arteries were occluded with small aneurysmal clips to produce four-vessel occlusion. Body temperature was maintained at 37°C with a heating lamp. Signs of forebrain ischemia such as unresponsiveness to noxious stimuli, loss of right ing reflex, and catatonic posture were monitored. The clips were removed after 25 min, and reestablishment of blood flow was ascertained by microscopic examination.
Tissue processing and lectin staining
After recirculation periods of 20 min, 3, 6, 12, 18, 24 h, and 2, 3, 4, 6, 10, 14, 21 , 28 days (n = 2-4 each), animals were anesthetized with chloral hydrate and killed either by perfusion with saline followed by decapitation, or per fusion with 4% paraformaldehyde in 0. 1 M phosphate buffered saline (PBS), pH 7. 2-7. 4. Tissue was also ob tained from normal (n = 3) and sham-operated (n = 3) controls, the latter consisting of cauterization of vertebral arteries followed by the placing of threads around the common carotid arteries. Following removal, brains were either frozen on dry ice and stored at -20°C or kept in fixative for at least an additional 24 h. Frozen brains were cut on a cryostat at 30 IJ.m, and sections were mounted onto gelatinized slides. After drying at room temperature for 30 min, they were fixed in 4% paraformaldehyde in PBS for 1-2 h prior to staining. The perfusion-fixed brains were cut on a vibratome at 60 IJ.m and then subjected to lectin staining. Sections were equilibrated for 15 min in PBS containing cations and Triton X-IOO (Streit, 1990) , prior to incubation with the horseradish peroxidase con jugate of Griffonia simplicifolia B4-isolectin (GSA 1-B4-HRP; Sigma, L5391) at 10 IJ.g/ml overnight at 4°C. The substrate medium was 3, 3'-diaminobenzidine-H202. Selected sections were counterstained using cresyl echt vi olet.
RESULTS
Brain sections from both normal and sham-oper ated animals revealed the typical staining patterns of microglia, showing them as highly ramified cells spread throughout the hippocampus. Several hip pocampal regions could be discerned by their dif ferential staining intensity, i.e., areas of more in tense staining included the alveus, infragranular basket cell layer of the dentate gyrus, and the stra tum lacunosum moleculare (Figs. la and 2a) . In con trast, the CAl pyramidal cell layer was demarcated by its relative lack of staining (Figs. la and 2b) .
Increased lectin staining of microglia became ap parent following 20 min of reperfusion, the earliest time point examined. Most prominently, this change affected the dentate infragranular basket cell layer, stratum lacunosum moleculare, CAl py ramidal cell layer, and alveus (Figs. Ib and 2c and d) . In addition, the staining intensity of microglia throughout the white matter regions of CAl and the dentate gyrus was somewhat elevated as compared with normal brain. The staining pattern observed at 20 min persisted as survival times were gradually increased and became very pronounced by 24 h af ter reperfusion (Fig. lc) . The transition zone be tween the CA I and CA3 areas of the pyramidal cell layer revealed an abrupt change from increased mi croglial density in CAl to near normal staining in CA3 where some reactive microglia could be dis cerned (Figs. lc and 3a) . Sections that were coun terstained with the Nissl stain at 24 h did not reveal signs of neuronal damage in any parts of the hip pocampus.
Maximal microglial staining became evident at the 4-and 6-day survival-periods, and the areas most prominently affected included all layers of the CAl region from the alveus to the hippocampal fis sure, as well as the dentate hilus and infragranular cell layer (Fig. Id) . However, the stratum molecu lare of the dentate gyrus displayed only minimal change compared with microglial staining in normal hippocampus. High magnification of the dentate hilus and CAl sector revealed the presence of large numbers of reactive microglial cells 4 days after reperfusion (Figs. 2e and f and 3 b and c) . Reactive microglia were strongly lectin-positive and assumed an ameboid morphology with plump cell bodies from which emanated stout cellular processes (Fig.  3b) . In the dentate hilus the microglial processes extended star-like in all directions, while reactive microglia in the CAl pyramidal cell layer exhibited (or), stratum pyramidale (pyr), stratum ra diatum (rad), stratum lacunosum molecu lare (1m), stratum moleculare (mo), den tate hilus (H), infragranular basket cell layer (infl] and at 20 min (b ), 24 h (c), 4 days ( d), 13 days (e), and 28 days (f) after reperfusion. x30. Note the prominence of reactive microglia in the infragranular layer of the dentate hilus, CA1 pyramidal cell layer, and stratum lacunosum molec ulare in (c). Also, reactive microglia are diffusely present throughout all layers of CA1· rod cell arrangement was clearly apparent by day 13 and persisted until the fourth week after reperfusion (Fig. 2h) . Following maximal microglial staining around day 4, the staining pattern changed little during later survival times, and reactive cells con tinued to delineate all layers of CAl and the dentate 
DISCUSSION
The present study shows that microglial cells re act within minutes to transient forebrain ischemia and that they remain in an activated state for up to 4 weeks after reperfusion. Thus, the examination of microglial cells by lectin histochemistry represents a useful method for monitoring early neuronal dam age as well as delayed neuronal death following ischemia in vulnerable areas of the hippocampus. What do we mean by "activated microglia"? One may distinguish three states of microglial biology : (a) resting microglia, which are highly ramified cells present in normal brain; (b) activated or reactive microglia, which are cells re sponding to neural tissue damage with morpholog ical and immunophenotypic changes, as well as with proliferation, but are nonphagocytic; (c) phagocytic microglia, which are full-blown brain J Cereb Blood Flow Metab, Vol. 11, No.6, 1991 macrophages. In describing increased lectin stain ing of microglia within the first 24 h after ischemia, the increase observed is likely not caused by in creased cell numbers due to proliferation, as this is known from other experimental models to begin at �2-3 days after neuronal injury (Kreutzberg, 1966; Graeber et al., 1988; . Instead, the early increase in lectin reactivity could be due to a change in cell morphology from the highly ramified resting microglial cell with many fine branches to a reactive cell that contracts its processes and assumes a stouter morphology and therefore appears as a denser spot when stained. Alternatively, or in addition, the microglial mem brane glycoconjugate to which GSA I-B4-HRP binds may be synthesized in larger amounts as a result of early microglial activation. There is, how ever, no direct evidence to favor the latter possibil ity, and the identity of the membrane glycoconju gate that contains terminal a-D-galactose residues remains to be determined. Preliminary studies have indicated the high likelihood of a glycoprotein rather than a glycolipid, since the lectin stain with stands prior treatment of sections with chloroform/ methanol to extract tissue lipids (unpublished ob servations) .
The clear pattern of enhanced microglial staining that emerged by 24 h after ischemia reflects neuro nal damage most conspicuously in the infragranular basket cell layer of the dentate hilus and the CAl pyramidal cell layer. The finding is not surprising with regard to CAl pyramidal cells as they are known for their selective vulnerability following ischemia (Pulsinelli and Brierley, 1979; Kirino, 1982) . These neurons typically undergo delayed neuronal death within 2-4 days, so that the early appearance of reactive microglia may be signaling this imminent degeneration. In fact, ultrastructural studies have revealed abnormalities in CAl pyrami dal cells, such as disintegration of microtubules (Yamamoto et aI., 1986) and synaptic changes (von Lubitz and Diemer, 1983) within minutes, and pro liferation and stacking of endoplasmic reticulum cisterns within hours (Kirino and Sano, 1984b) , af ter ischemia. Regarding the microglial reaction ob served in the infragranular layer of the dentate hilus, the studies by Johansen et ai. (1987 Johansen et ai. ( , 1989 are relevant because they describe the selective early vulnerability of a population of somatostatin immunopositive hilar neurons after cerebral isch emia (Johansen et aI., 1987) . However, the distri bution of these neurons corresponds only partially with the here-described microglial reaction after 24 h, and the pattern of enhanced microglial staining correlates more closely with the distribution of cholecystokinin-and glutamic acid decarboxylase imunopositive neurons that are not lost after isch emia (Johansen et aI., 1987 (Johansen et aI., , 1989 . Therefore, it is possible that the microglial response observed after 24 h reflects merely a transient and sublethal injury of the cholecyotokinin-and glutamic acid decarbox ylase-positive interneurons that does not result in a permanent cell loss. In support of this possibility is the observation that on postischemic day 4 micro glial reactivity has shifted from its conspicuous presence in the infragranular layer to a predomi nantly hilar location (see Figs. lc and d) . Moreover, glutamic acid decarboxylase-immunopositive neu rons in the infragranular layer are known to contain the calcium-binding protein parvalbumin (Ribak et aI., 1989) , which may protect them from the neuro toxic effect of high intracellular calcium levels fol lowing ischemia (Nitsch et aI., 1989; Mudrick and Baimbridge, 1989) .
In comparing the present results on the microglial reaction with other studies that have examined the astroglial response after experimental ischemia, one notes that both types of glial reactions parallel each other in time course and distribution at post ischemic intervals of 2 days or longer (Y oshimine et aI., 1985; DeLeo et aI., 1987; Grimaldi et aI., 1990; Petito et aI., 1990; Schmidt-Kastner et aI., 1990; Rischke and Krieglstein, 1991) . A notable differ ence between the microglial and astroglial reaction, however, concerns their times of onset. The earliest marginal increase in GF AP immunoreactivity that has been reported occurs at 4 h after ischemia in CAl (Grimaldi et aI., 1990) , but most other studies demonstrate noticeable up-regulation of GFAP around 24-48 h after ischemia. Thus, according to our present results, microglial activation precedes that of astrocytes. Similar results were obtained in earlier studies of the glial responses during regen eration and degeneration of facial motor neurons . Whether the early presence of activated microglia reflects regulation of astrocytic hyperplasia by microglia-released pep tides (Giulian and Baker, 1985) remains to be shown.
Our observation of a maximal microglial response on postischemic days 4-6, most prominently dis played in the CAl region and dentate hilus, corre lates well with the widespread cell death that is known to occur in this area. The presence of polar ized microglial cytoplasmic processes extending into the stratum radiatum corresponds with the ori entation of pyramidal cell dendrites and probably reflects degenerative changes occuring in proximal dendrites. The vertical alignment of reactive micro glia as rod cells in the stratum radiatum at later time J Cereb Blood Flow Metab, Vol. 11, No.6, 1991 points corresponds well with other descriptions of such cellular arrangements in response to hippo campal lesions (Brierley and Brown, 1982; Shaw et aI., 1990) .
